Despite the potential benefit of primaquine in reducing Plasmodium falciparum transmission and radical cure of Plasmodium vivax and Plasmodium ovale infections, concerns over risk of hemolytic toxicity in individuals with glucose-6-phosphate dehydrogenase deficiency (G6PDd) have hampered its deployment. A cross-sectional survey was conducted in 2014 to assess the G6PDd prevalence among 631 children between 6 and 59 months of age in southwestern Uganda, an area where primaquine may be a promising control measure. G6PDd prevalence was determined using three detection methods: a quantitative G6PD enzyme activity assay (Trinity Biotech ® G-6-PDH kit), a qualitative point-of-care test (CareStart  G6PD rapid diagnostic test [RDT]), and molecular detection of the G6PD A G202A allele. Qualitative tests were compared with the gold standard quantitative assay. G6PDd prevalence was higher by RDT (8.6%) than by quantitative assay (6.8%), using a < 60% activity threshold. The RDT performed optimally at a < 60% threshold and demonstrated high sensitivity ( 90%) and negative predictive values (100%) across three activity thresholds (below 60%, 30%, and 40%). G202A allele frequency was 6.4%, 7.9%, and 6.8% among females, males, and overall, respectively. Notably, over half of the G202A homo-/hemizygous children expressed  60% enzyme activity. Overall, the CareStart  G6PD RDT appears to be a viable screening test to accurately identify individuals with enzyme activities below 60%. The low prevalence of G6PDd across all three diagnostic modalities and absence of severe deficiency in our study suggests that there is little barrier to the use of single-dose primaquine in this region.
INTRODUCTION
As malaria transmission continues to decline in southwestern Uganda, aggressive strategies toward further reducing its burden must be considered. Because of its unique transmissionblocking potential and efficacy against hypnozoites, the scale-up of primaquine as a treatment strategy has been on the agenda of many malaria-endemic countries.
1 Currently, the World Health Organization (WHO) recommends the use of primaquine in combination with artemisinin combination therapies (ACTs), as a transmission-blocking agent for patients with uncomplicated Plasmodium falciparum malaria living in low-transmission settings.
1 Primaquine is also the only commercially available drug to prevent relapses of Plasmodium ovale and Plasmodium vivax infections by killing dormant hypnozoites in the liver.
(G6PD) deficiency. G6PD deficiency is an X-linked trait and the most common enzymopathy in the world, with over 180 known alleles associated with varying phenotypic severity. [3] [4] [5] The complexity of this disorder presents a diagnostic challenge, making it difficult to define the degree of deficiency in an individual, particularly in heterozygous females who exhibit variable X-chromosome inactivation. In addition, the correlation between the degree of deficiency and one's risk of clinically significant hemolysis remains unclear. 6 Based on available data, the current recommended dose for preventing P. vivax and P. ovale clinical relapses is 0.25-0.5 mg/kg for 14 days for G6PD non-deficient individuals and 0.25 mg/kg as a single low dose in conjunction with an ACT for transmission-blocking activity without the need for G6PD testing. 7 The G6PD A variant, characterized by the presence of the G202A mutation, is the most prevalent variant of G6PD deficiency in sub-Saharan Africa. 5 While it is generally associated with a milder degree of deficiency (residual red blood cell G6PD activity 5-13% 8 ) as compared with the G6PD Mediterranean variant, and thus a lower risk of hemolysis, severe hemolytic events have been known to occur if the oxidative challenge is strong enough. 4, 9 The prevalence of this variant in southwestern Uganda, an area where all four major malaria species circulate, has not been established. 10 More importantly, the comparative performance of varied G6PD deficiency diagnostic modalities in field-based settings requires further investigation to determine the most viable method to exclude at-risk G6PD-deficient persons before a 14-day course of primaquine.
MATERIALS AND METHODS

Study population and design.
A cross-sectional survey was conducted between August and October 2014 in Mbarara, Bushenyi, and Isingiro districts, situated in southwestern Uganda. A stratified, two-stage cluster sampling design was used to select a total of 631 children between 6 and 59 months of age as previously described.
10 Briefly, 60 villages were randomly selected (20 per district) using probability proportionate to population size sampling and stratified by their urban and rural status. The number of households sampled per village was determined by the total number of participants required from each district, which was weighted by population size. Households were then randomly selected from each village using the WHO's Expanded Program on Immunization (EPI) methodology.
11 Only one child was randomly selected per household. Children were included in the survey if they were between 6 and 59 months of age (inclusive) and the parent or guardian provided informed consent.
A previous study reported G6PD deficiency in eastern Uganda to be 10% by quantitative assay.
12 A sample size of 637 children was sufficient to detect a difference in G6PD deficiency from 10% with 80% power and ±4% precision. The sample size was increased to account for a design effect of 1.5 and a 10% nonresponse rate to generate the minimum sample size of 637 children.
Field procedures and sample collection.
Demographic information was collected from a parent/guardian before sample collection. Approximately 250 L of blood was collected by finger prick into an ethylenediaminetetraacetic acid-coated microtainer (BD Diagnostics, Franklin Lakes, NJ). Qualitative G6PD deficiency testing was assessed using the CareStart  G6PD rapid diagnostic test (RDT) (cat no.: RGP-M05082; Access Bio Inc., Somerset, NJ) and performed according to manufacturers' instructions. In brief, the CareStart  G6PD RDT is a qualitative colorimetric assay based on the reduction of colorless nitro blue tetrazolium dye to dark-colored formazan. 13 Hemoglobin levels (HemoCue ® Hb 301; HemoCue ® , Brea, CA) and thick and thin smears for malaria microscopy were also performed in the field at the time of sample collection by trained laboratory technicians. The remaining volume of blood was stored at 4°C and transported to Médecins Sans Frontières Epicentre Mbarara Research Base within 12 hours of sample collection. Samples were stored at 4°C until the G6PD quantitative assay was performed.
Laboratory procedures.
Quantitative spectrophotometric G6PD assay (cat no.: 345-B, Trinity Biotech ® G-6-PDH Kit; Trinity Biotech, County Wicklow, Ireland) was performed according to manufacturer's instructions within 24 hours of sample collection. Runs using a commercial set of known normal and null G6PD activity controls (cat nos.: G6888 and G5888; Trinity Biotech ® ) were performed before running samples on that day. Sample runs were considered valid if control values fell within the given range of the manufacturer.
Percent G6PD activity was calculated based on their relative proportion to the adjusted median value of G6PD enzyme activity among the male population, upon exclusion of severely G6PD-deficient males (i.e., less than 10% G6PD enzyme activity of the median value), as recommended by an expert panel.
6 Prevalence of G6PD deficiency was defined according to the WHO classification of G6PD deficiency (i.e., < 60% of G6PD enzyme activity).
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The remaining blood sample (150 L) was collected onto filter paper (Whatman ® 903 Protein Saver Card; Sigma-Aldrich, St. Louis, MO) and stored at 80°C. Dried blood spots were shipped dry at room temperature to the Yale School of Public Health, New Haven, CT, for the molecular detection of Plasmodium species and the G6PD A G202A mutation. DNA was extracted using QIAamp DNA Mini Kit (Qiagen, Valencia, CA). DNA was eluted in 100 µL from each dried blood spot. For microscopic detection of malaria, thin and thick smears were stained with 10% Giesma (pH 7.2) for 15 minutes. Readings were independently made by two trained microscopists and discordant results were resolved by a third reader.
15
Detection of the G6PD A G202A mutation.
Restriction fragment length polymorphism of polymerase chain reaction (PCR)-amplified DNA products were used to evaluate the presence of the G6PD A G202A allele.
12 PCR amplification was performed using 5X GoTaq Flexi Buffer (Promega, Madison, WI), 1.5 mM MgCl 2 , 5% dimethyl sulfoxide, 0.2 mM of each deoxynucleotide triphosphate, 0.5 M forward primer (5-CCACCACTGCCCCTGTGACCT-3), 0.5 M reverse primer (5-GGCCCTGACACCACCCACCTT-3), 1 U GoTaq ® polymerase, and 10 ng of genomic DNA. Thermocycling conditions were as follows: initial denaturation at 95°C for 2 minutes, followed by 35 cycles of 95°C for 30 seconds, 67°C for 1 minute, 72°C for 30 seconds, and a final extension at 72°C for 5 minutes. Four microliters of PCR product was incubated with 1 U of NlaIII (New England BioLabs, Ipswich, MA) at 37°C for 3 hours. Genotypes were identified using 2.0% agarose gel electrophoresis. The overall call rate was 100%. For quality control, nine samples were sequenced and concordance rate was 100%.
Statistical analysis.
Statistical analysis was performed using the open software R (version 3.2.2; R Project for Statistical Computing; http://www.r-project.org/) and STATA, version 14.0 (StataCorp, College Station, TX). 16 All statistical tests accounted for the clustered sampling design using svy commands in STATA to account for clustering at the village level and stratification of urban and rural villages. Categorical variables were compared using the  2 test or Fischer's exact test, when appropriate. t tests were performed when comparing continuous variables, if the outcome was normally distributed. Mann-Whitney's U test was used when the variables were nonparametric. Linear regression was used to evaluate the relationship between covariates and continuous variables. Prevalence ratio estimates were calculated using a Poisson regression model with robust variance. P values less than 0.05 were considered statistically significant.
CareStart
 G6PD RDT was compared with the gold standard quantitative assay, Trinity Biotech ® G-6-PDH kit, to assess its diagnostic performance. Sensitivity, specificity, negative predictive value (NPV), and positive predictive value (PPV) were calculated to assess RDT performance. Three clinically meaningful thresholds, < 60%, < 40%, and < 30% enzyme activity, were used to define deficiency. According to the WHO, less than 60% enzymatic activity denotes severe to moderate G6PD deficiency.
14 Thirty and forty percent were chosen as cut-offs to demonstrate RDT performance at a threshold equivalent to the level of detection of G6PD deficiency of the fluorescent spot test and an acceptable level above which would be safe for primaquine use. 6, 8, 17 An individual was considered a true positive case if they were classified as deficient by RDT and expressed a % G6PD activity below the threshold being tested. True negatives were defined as individuals who expressed % G6PD activity at or above the cut-off and tested G6PD normal by RDT. Individuals were considered false negative if they were considered G6PD normal by RDT and their expression of % G6PD activity was below the tested threshold. Conversely, false positives were defined as cases that were G6PD deficient by RDT, but their % G6PD activity was above the evaluated threshold.
Ethics statement.
Written informed consent was obtained by the participant's parent or guardian before questionnaires and sample collection. Children who had a positive malaria diagnosis were referred to the nearest health facility for treatment and G6PD-deficient children were notified of their status. Study approval was granted by the institutional review boards of Mbarara University of Science and Technology and Yale University and the Uganda National Council of Science and Technology.
RESULTS
Demographic characteristics of study population.
A total of 631 children were included in the analysis (Table 1) . Fifty-one percent of children were male and the mean age ± standard deviation (SD) of participants was 2.4 ± 1.3 years. The majority of children in our study population were of the Banyankole ethnic group (84.2%). Mean hemoglobin count ± SD was 11.9 ± 1.3 g/dL, and no child in our study was experiencing severe anemia (< 5 g/dL) at the time of the survey. Malaria prevalence by microscopy was 3.5% (95% confidence interval [CI]: 1.9 to 5.1) across all three districts.
Prevalence of G6PD deficiency by quantitative assay.
G6PD enzyme activity values ranged from 1.2 to 12.2 U/g hemoglobin (Hb). Percent G6PD activity was determined from the adjusted male median observed at 7.9 U/g Hb. Prevalence of G6PD deficiency is presented in Table 1 . No participant in our study exhibited severe G6PD deficiency (< 10% enzyme activity or < 0.8 U/g Hb), 1.6% (95% CI: 0.6 to 2.6; N = 10 children) exhibited G6PD activity < 30% (< 2.4 U/g Hb), and 6.8% (95% CI: 4.8 to 8.9) of children exhibited mild-to-moderate G6PD deficiency (10% to < 60% enzyme activity or 0.8 to < 4.7 U/g Hb). Deficiency, defined as < 60% G6PD activity, did not significantly differ by gender (7.8% males versus 5.8% females; P = 0.39) or by ethnic group (P = 0.28). However, mean G6PD activity was higher in Bagandan children compared with Banyankoles (8.6 versus 7.7 U/g Hb, respectively; P = 0.01). By district, Bushenyi had a significantly higher prevalence of G6PD-deficient children compared with Mbarara District (10.8% versus 3.7%) (unadjusted prevalence ratio = 2.9; 95% CI: 1.3 to 6.4; P = 0.01). Prevalence of G6PD-deficiency was higher in Isingiro (7.3%) compared with Mbarara, but this finding did not reach statistical significance (unadjusted prevalence ratio = 1.9; 95% CI: 0.9 to 4.3; P = 0.09). Malaria infection and hemoglobin count were not statistically associated with G6PD enzyme activity (P > 0.31).
Prevalence of G6PD A G202A allele.
Dried blood spots were available for 625 participants in the study. Upon genotyping for the G202A allele, we observed 31 (5%) heterozygous females, four (0.6%) homozygous females, and 25 (4%) hemizygous males. Allele frequency of the G202A mutation was 6.4% among females, 7.9% among males, and 6.8% overall. Prevalence of the G202A mutation was statistically different by ethnic groups (P = 0.04), but not across districts (P = 0.68). Allele frequency among Banyankole, Bakiga, and Bagandan children ranged from 5.2% to 6.7%, though was much higher (21.7%) among children not identified as belonging to these three ethnic groups.
Of the 31 heterozygous females, 84.9% (N = 26) exhibited normal G6PD levels at the < 60% threshold and 93.6% (N = 29) at the < 40% threshold. Among the G202A wild-type children, only 4.4%, 1.4%, and 0.9% exhibited less than 60%, 40%, and 30% G6PD enzyme activity, respectively. Interestingly, among the 29 hemi-and homozygous children, 55.2%, 69.0% and 89.7% of children exhibited more than 60%, 40%, and 30% G6PD enzyme activity, respectively. However, mean G6PD enzyme activity among G202A hemi-and homozygotes was approximately 25% lower compared with wild-type genotypes ( = 2.0 U/g Hb; 95% CI: 3.1 to 0.9; P = 0.001). Heterozygous females were predicted to have 0.8 U/g Hb lower (i.e., 9% decrease) mean G6PD activity than their wild-type counterparts, though this finding did not reach statistical significance (95% CI: 1.5 to 0.3; P = 0.06).
Prevalence of G6PD deficiency by RDT.
The prevalence of G6PD deficiency was 1.3-fold higher by CareStart  G6PD RDT (8.6%; 95% CI: 6.6 to 10.0) than by quantitative assay (6.8%), using a threshold of < 60% activity. The distribution of G6PD enzyme activity by CareStart  G6PD RDT is shown in Figure 1 . Median enzyme activity was significantly different between children identified as G6PD deficient by RDT compared with participants who tested normal (3.8 versus 8.1 U/g Hb, respectively; P < 0.001).
Performance of the CareStart
 G6PD RDT.
At the < 60% G6PD activity cut-off value, the sensitivity and specificity of the CareStart  G6PD RDT were 98% (Table 2 ). PPVs and NPVs were 78% and 100%, respectively. Among the 12 false-positive children (i.e., participants who were classified as deficient by RDT, but expressed greater than 60% G6PD activity), G6PD activity ranged from 4.9 to 10.1 U/g Hb (i.e., 62-128% G6PD activity) (Figure 1 ). The range of enzyme activity of true positives (i.e., participants that were deficient by both CareStart  G6PD RDT and by gold standard quantitative analysis) was 1.2-4.6 U/g Hb (i.e., 15-58% G6PD activity) (Figure 1 ). Sensitivity and specificity marginally decreased, and PPV values dramatically decreased at lower thresholds of < 30% and < 40%, as compared with values at a < 60% threshold. At all thresholds, NPV closely approximated 100%, with only one child with a G6PD enzyme activity of 21% (G6PD enzyme activity = 1.6 U/g Hb) falsely testing G6PD normal by CareStart  G6PD RDT.
The CareStart  G6PD RDT was also able to discriminate well across G202A genotypes, that is, G6PD deficiency by RDT was significantly different across G202A genotypes (P < 0.001). The prevalence ratio of RDT-deficient children among heterozygotes was 4.1 (95% CI: 1.9 to 8.8; P < 0.001) and 10.1 among hemi-and homozygotes (95% CI: 6.2 to 16.2; P < 0.001).
G6PD deficiency and malaria prevalence.
Asymptomatic parasitemia was detected in 3.5% (N = 22) children by microscopy (Table 1) . No significant differences were observed between G6PD enzyme activity defined across all significant thresholds (i.e., < 60%, 40%, and 30%) and malaria microscopy-positive status (P > 0.26). Similar findings were seen upon the exclusion of females (P > 0.41). Only one child, a heterozygous female with an enzyme activity of 7.9 U/g Hb, was found to be asymptomatically infected by P. falciparum. Of note, among the 22 microscopy-positive children, nested species PCR detected six mixed/mono P. ovale infections and two mixed P. vivax infections, though none exhibited lower than 60% G6PD enzyme activity.
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DISCUSSION
Primaquine's efficacy, as a P. falciparum gametocytocide and as a radical cure hypnozoiticide for P. ovale and P. vivax, makes it a valuable tool for malaria control in subSaharan Africa. Yet, its widespread use has been limited due to concerns over the risk of hemolytic toxicity in G6PD-deficient individuals, and the lack of a field-friendly method of detection to identify those at risk. Here we report the prevalence of G6PD deficiency using three different diagnostic modalities in southwestern Uganda, an area of low P. falciparum transmission, but where all four major malaria species are endemic. 10 Our prevalence estimate by quantitative/phenotypic analysis is lower than the ranges reported in eastern Uganda (6.8% versus 10-20%), as well as the G202A allele frequency (6.8% versus 12-15%). 12, [18] [19] [20] This may be due to the differences in ethnic group composition between these regions, however, our study was not powered to detect such differences.
Echoing reports in the literature, despite the similar overall prevalence of "deficiency" by G202A genotype and enzymatic phenotypic assay, we found significant discordance between these assays. 12, 21 While this lack of correlation is typical for heterozygous females who exhibit variable expression of G6PD activity, the degree of discordance is difficult to explain the large number of phenotypically normal, but genotypically hemi-and homozygous children. There may be a few reasons that explain this unusual finding. First, the child may have experienced a very recent hemolytic episode, thereby increase the number of reticulocytes and falsely elevating G6PD activity. However, we found that mean hemoglobin levels did not differ between the 29 children who were either hemi-or homozygous for the G202A mutation and expressed normal enzyme activity (N = 16) as compared with the 13 hemi-or homozygous for the G202A mutation and expressed < 60% enzyme activity (mean ± SD: 12.1 ± 1.1 versus 12.0 ± 1.1 g/dL, respectively; P = 0.912). Another potential reason for this finding may be due to the variability in biochemical and clinical penetrance of the G6PD A G202A allele. 22 Finally, the presence of certain genetic modifiers may have ameliorated the effect of the G202A mutation on enzyme activity, though limited data exist on this possibility.
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Not surprisingly, we found that a small percentage of G202A wild-type children exhibited low G6PD activity. It is likely that other G6PD A single nucleotide polymorphisms (SNPs), such as A376G, A542T, G680T, and T986C, or perhaps non-G6PD A alleles, may have been responsible for the lower enzyme activity in these individuals. Regardless of the etiology of the discrepancy between G202A genotype and enzymatic phenotype, it appears that the use of single SNP typing for G202A is unlikely to accurately identify all G6PD-deficient individuals in many east and west African settings. 12, 23 Overall, our results are comparable to the well-documented field studies that evaluated the diagnostic performance of the CareStart  G6PD RDT. 13, [24] [25] [26] [27] The diagnostic performance of the CareStart  G6PD RDT in our setting was high across all the tested thresholds. Performance was optimal at a threshold of < 60% G6PD enzyme activity, demonstrating 98% sensitivity and specificity. We observed a low PPV of 78% at this threshold, which is likely reflective of the low G6PD deficiency prevalence in our setting. In the case of all three thresholds, the CareStart  G6PD RDT exhibited a high NPV (100%), which has important clinical value when it comes to G6PD screening before primaquine therapy.
The CareStart
 G6PD RDT performed well at identifying "intermediate" ranges of G6PD deficiency (30-80%), 8 typically seen in heterozygous females, and a range at which druginduced hemolytic toxicity can still be observed.
9,25 However, due to its qualitative nature, it is unable to differentiate those with severe deficiency (< 10%) from those with mild-to-moderate deficiency (10% to < 60%), the latter group of which may be eligible to receive alternative primaquine dosing for radical curative treatment under recent guidelines (0.75 mg/kg primaquine once weekly for 8 weeks). 4, 7 Overall, the CareStart  G6PD RDT appears to be a promising RDT for use in southwestern Uganda, 13, [24] [25] [26] [27] an area where our group has demonstrated continued strides in reducing the burden of P. falciparum (prevalence of asymptomatic P. falciparum parasitemia of 1.9%). 10, 15, 28, 29 In addition, the very low prevalence of under 30% enzyme activity (2%) in our study, combined with the likely safety of single-dose primaquine even in those with G6PD deficiency, 1, 4, 30 suggests that there is little barrier to the use to single-dose primaquine in this region. The use of single-dose primaquine as a P. falciparum gametocytocide may serve to reduce the transmission of P. falciparum in such settings, which may aid in targeting the asymptomatic reservoir. 1, 30 In contrast, southwestern Uganda is also a region where it is clear that both P. vivax and P. ovale infections exist, albeit at low frequencies.
10 Adequate treatment of these infections is critical to prevent relapse and reduce morbidity from severe anemia, and malnutrition.
4,31 When used in this setting, however, the risk:benefit ratio of primaquine differs, as the 14-day course provides a much stronger oxidative challenge. 2, 4 It is therefore essential to identify all those atrisk for hemolysis before treatment. Although quantitative testing is best able to identify at-risk individuals, it is labor intensive, cost prohibitive, and requires electricity and reagents that are sensitive to light and heat. 32 In our study, the CareStart  G6PD RDT performed well for the purpose of accurately identifying G6PD-deficient individuals with an enzyme activity below 60%, which suggests that the RDT may be a good screening method before radical cure treatment in southwestern Uganda. However, alternative primaquine dosing for individuals with mild-to-moderate G6PD deficiency may not be possible due to the high discriminatory cut-off value of this RDT.  G6PD RDT. Dotted line at 60% enzymatic activity represents the cut-off point between normal and mild G6PD deficiency as defined by the World Health Organization. Dotted line at 30% shows recent proposed cut-off to denote "deficient" males and females.
8 Hemi = hemizygous; Het = heterozygous; Homo = homozygous; WT = wild-type. G6PD = glucose-6-phosphate dehydrogenase; Hb = hemoglobin; SD = standard deviation; WHO = World Health Organization.
* Values are mean ± SD for continuous variables and n (column %) for categorical variables. † Deficiency defined as no background color in result window. ‡ Dried blood spots were available for only 625 participants. 
